INTRODUCTION
The angiosperm lignin biosynthetic pathway has been studied for decades and continues to be a topic of interest thanks to its plasticity (Sederoff et al., 1999; Boerjan We previously reported that CRISPR-KO of the predominant lignin 4CL in poplar led 74 to a reduced S/G ratio (Zhou et al., 2015) , whereas similar KO in tetraploid switchgrass increased the S/G ratio (Xu et al., 2011) . The present study aims to further characterize 76 the poplar 4cl1 mutants by more comprehensive cell wall analysis, biomass saccharification, phenolic profiling, and RNA-Seq. We present data to show distinct 78 effects of 4CL-KO on lignin biosynthesis and enzymatic hydrolysis of cell walls relative to 4cl mutants of Arabidopsis and other herbaceous species. Our findings 80 suggest a high sensitivity of caffeic acid homeostasis to 4CL1 perturbation which enables 4CL5 catalysis and compensatory production of G-enriched lignin in the 82 Populus mutants.
84

RESULTS
86
4CL1-knockout preferentially reduces S lignin biosynthesis
We reported previously that CRISPR editing of 4CL1 in Populus tremula x alba INRA 88 717-1B4 (hereafter 4cl1 mutants) led to uniformly discolored wood and a 23% reduction in lignin content based on pyrolysis molecular beam mass spectrometry 90 (pyMBMS) analysis (Zhou et al., 2015) . Total lignin content determined by the Klason method revealed a 19% reduction in transgenic wood ( Table 1 ). The pyMBMS analysis 92 also detected a 30% decrease in the S/G ratio (Zhou et al., 2015) , attributable to a sharp (34%) reduction of S units, and a small (5%) though significant reduction of G units 94 (Table 1) . Thioacidolysis showed a similar response in S lignin, but a greater reduction (18%) of G lignin, in addition to a 52% increase of the minor component, H lignin 96 (Table 1) , which is poorly pyrolyzed and hence undetectable using pyMBMS (Sykes et al., 2015) . To probe the structural modifications in walls of the mutant further, 2D-NMR 98 analysis was performed using both whole cell wall residues and cellulolytic enzyme lignins. The results were highly concordant with those of pyMBMS and thioacidolysis, 100 showing a ~30% decrease in S/G ratio along with increased H lignin in the mutants ( Figure 1 ). The frequency of p-hydroxybenzoate units also increased in the mutants 102 ( Figure 1 ), but we do not see evidence for the appearance of (higher levels of) β-βcoupling products derived from monolignol (largely sinapyl) p-hydroxybenzoate 104 conjugates to produce tetrahydrofurans rather than the familiar resinols C derived from unconjugated monolignols, as has been observed in palms (Lu et al., 2015) . Taken 106 together, all analytical methods employed in this study showed consistent decreases of S/G ratio by 20-30% in the 4cl1 mutants, resulting from a preferential reduction of S 108 lignin. 110 Phloroglucinol staining of stem cross sections confirmed reduced lignification in the mutants (Figures 2A and 2B ). In agreement with previous findings (Coleman et al., Figures 2B and 2D ). Accordingly, wood specific gravity was significantly reduced in 4cl1 mutants ( Figure 2E ). The mutants also exhibited significantly lower acoustic velocity ( Figure 2F ), which is correlated with the microfibril angle of the S2 layer 
134
Altered lignin-carbohydrate interactions in the cell wall of 4cl1 mutants 136 As lignin is purportedly cross-linked with cell wall polysaccharides, we next examined the 4CL1-KO effects on cell wall glycans and their interaction with lignin. We detected 138 a small decrease in crystalline cellulose contents of the mutants (Table 1) .
Monosaccharides typically associated with hemicelluloses showed slight changes, with 140 mannose decreased significantly, and the most abundant xylose increased slightly (Table 1) . Glycosyl residue composition analysis further revealed increased mol% of 142 glucuronic acid (GlcA), its 4-O-methylated form (OMe-GlcA), and galacturonic acid (GalA), the main component of pectins (Table 1) . These data suggest altered cell wall 144 polysaccharide composition in lignin-reduced 4cl1 mutants.
146
Extractive-free wood meals were then subjected to cell wall fractionation to provide a finer resolution analysis of matrix polysaccharide organization by glycome profiling interaction between matrix polysaccharides and lignin in the mutant cell wall. Whether the increased release of those glycans reflects reduced lignin abundance and/or altered 164 lignin composition was not determined.
166
Altered phenylpropanoid metabolism in 4cl1 mutants
UPLC-MS profiling of methanolic extracts from developing xylem revealed a major 168 shift in phenylpropanoid metabolism in the mutants. Consistent with decreased lignin biosynthesis, various oligolignols and their hexosides were detected at drastically 170 reduced levels in the mutants (Table 2) . Also significantly reduced were lignin pathway intermediates 4-coumaroyl and caffeoyl shikimate esters ( 2). It appears that, unlike for the shikimate conjugates, synthesis of hydroxycinnamoyl quinate esters in poplar is largely independent of 4CL1. Together, the phenolic profiling 186 data revealed a buildup of hydroxycinnamates and their diversion into nonstructural phenylpropanoid pools at the expense of lignin precursors in the 4cl1 mutants. Figure 4A ). Our data thus underscore the efficacy of CRISPR/Cas9 mutagenesis at multiple levels.
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Transcript levels of many lignin biosynthetic genes, including 4CL1 paralog 4CL5, 202 were not significantly changed in the 4cl1 mutants. However, the genome duplicates F5H1 and F5H2 encoding ferulate/coniferaldehyde 5-hydroxylases were significantly 204 downregulated, and they are the only known monolignol pathway genes besides 4CL1 to show such patterns ( Figure 4A ). As F5Hs occupy the branch-point into S lignin 206 biosynthesis, their downregulation is consistent with the preferential reduction of S lignin in 4cl1 mutants. Other genes implicated in lignification, including a UDP- are present in the poplar genome, and one of them (Potri.009G015400, APX-C3H1) 224 was significantly upregulated in the mutants ( Figure 4A ). Although catalytic properties remain to be confirmed, upregulation of the putative poplar APX-C3H1 may also 226 contribute to elevated accumulation of caffeic acid and its derivatives.
228
Cell wall remodeling and detoxification responses in the 4cl1 mutants
Genes downregulated in the KO mutants showed an overrepresentation of Gene Figure 5 ). Also increased in the mutants were transcript levels of precursor genes encoding phytosulfokines, disulfated pentapeptides that have been implicated in 250 growth and defense signaling (Sauter, 2015) ( Figure 5 ). Together, these results suggest that cellular redox balance, oxidative stress responses and sulfur homeostasis adjust to 252 changes in thioesterification of the lignin pathway.
254
Conditional involvement of 4CL5 in lignin biosynthesis
The 4cl1 mutants somehow accrue ~80% of wild-type lignin levels (Table 1) . It thus appears that the potential gain in 306 enzymatic hydrolysis brought about by reduced lignin was offset by decreased S/G ratio in the poplar 4cl1 mutants. We interpret these results to suggest that lignin reduction 308 predominantly in the form of S units does not improve biomass saccharification. (Table   320 2). Like many Class I 4CLs involved in lignin biosynthesis, poplar 4CL1 also accepts as substrate caffeic acid, which is the most abundant free hydroxycinnamate in poplar Table 2 ). The significant increases of free caffeic acid and its hexose conjugates in the mutant xylem are consistent with a 324 substrate buildup due to impaired 4CL1 conversion. Caffeic acid accrual can also be attributed to conversion from surplus 4-coumaric acid, another 4CL1 substrate, by the 326 upregulated APX-C3H1, as well as from residual caffeoyl shikimate via CSE1. No incorporation of caffeates or caffeyl alcohol into the lignin polymer was evident in the 328 NMR spectra (even at levels nearer the baseplane than those plotted in Figure 1 ).
Besides the reduced S/G ratio and consequent changes in the interunit linkage 330 distribution that were largely as expected, and the elevation of p-hydroxybenzoate levels, there were no other evident structural changes in the 4cl1 lignin, and no 332 obviously new components as has often been observed in mutants and transgenics (Ralph and Landucci, 2010).
334
Several lines of evidence suggest that increased caffeic acid accrual in the 4cl1 mutants 336 was not merely due to precursor buildup, but to a tightly regulated compensatory mechanism to sustain lignification. First, the 4cl1 mutants exhibit ~20% lignin 338 reduction; that the reduction is not more severe means that substantial levels of lignin biosynthesis must be upheld by 4CL5, the remaining xylem isoform. Second, xylem Regardless, the 4CL5 pathway was not very efficient and could only partially restore lignification in the 4cl1 mutants. We further argue that the 4CL5 compensatory pathway 368 is primarily channeled toward G lignin biosynthesis due to downregulation of F5H paralogs. The data thus provide a mechanistic basis for the biased effect on S lignin 370 accrual in the poplar 4cl1 mutants.
372
Crosstalk between lignification, redox regulation, and sulfur metabolism
Caffeic acid is among the most potent antioxidants of the plant-derived phenolics, with 
MATHERIALS AND METHODS
422
Plant materials
The 4cl1 mutants and Cas9-only vector controls were reported previously (Zhou et al., The wood samples were ground to pass a 40-mesh screen using a Wiley mill, followed by 99 cycles of ethanol extraction using a Soxhlet extraction unit (Buchi) and air dried. Figure 5) against an in-house library as well as literature data. Representative 1 H-13 C (HSQC) correlation spectra of the aromatic region of enzyme lignins from ball-milled control (WT, left, or Cas9, middle) and a 4cl1 mutant (right) wood samples. The main lignin structures and linkages identified are illustrated below and color-coded to match their assignments in the spectra. Volume integrals (with the same color coding) were measured using the α-C/H correlation peaks from A, B, and C units, and S 2/6 + S´2 /6 , G2, and H 2/6 (corrected for Phe) aromatics (with the integrals halved as usual for the S, H, and C units) are noted as the mean  SE of biological replicates (n=3 for WT, 2 for Cas9, and 5 for 4cl1) (Kim and Ralph, 2010; Mansfield et al., 2012b). Note that the interunit linkage distribution (A:B:C) is determined from volume integrals of just those units and made to total 100%; small differences (such as the apparently enhanced β-ether A level in the 4cl1 line) should not be overinterpreted, as we were unable to delineate authenticated peaks for, nor therefore obtain reliable accounting of, various tetrahydrofurans (from β-β-coupling of monolignol p-hydroxybenzoates), nor of the 4-O-5-and 5-5-linked units that require one or two G units (and would therefore logically be higher in the 4cl1 lines, with their higher %G-units). Also note that the H-unit (H 2/6 ) correlation peak overlaps with another peak from Phe protein units (Kim et al., 2017); integrals were corrected by subtracting the integral from the resolved Phe peak below it to obtain the best estimate available. 
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RNA-seq analysis and sample-specific coexpression network construction
